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SUMMARY

Tiie free turbulent-mixing of a .wqersonic jet of Mach nu:mber
1.6’ has ken experimentally investigated. An interferometer,
of which a description is giren, was used for the investigation.
Density and relo~”ty distributions through the mixing zone
hare been. obtained. It was found that there was ~imilarity
in distribution at the cross sections investigated and that, in
the subsonic pmtion of the mizing zone, the relatity distribu-
tion fitted the theoretical distributionforincompressible j%w.
It wagfound that the rates of spread of the mixing zone both
into the jet and into the ambient air -were less than those of
wbsonic jets.

INTRODUCTION’

Considerable work, both theoretical and experimental,
has been clone in the past on free jets. Most of the theoreti-
cal -irork.hw been based on Pra.ndtl’s concept of the” mixing
length.” Tolhnien (reference 1) mcl Gthtler (reference 2?)
treat.eclthe turbulent inking of incompressible jets. Abram-
ovich (reference 3) published a theory of th~ free subsonic
jet in which effects of compressibility were included. Ex-
perimental results on velocity distribution in the mixing
region and rate of Spread of the mixing region both ihto the
jet and into the surrounding air have been published by
various investigators (references 4 to 8). Most of the
experimental work has dealt -with constant-density cases;
that is, the density of the jet. ma-sthe same as that of the
ambient air -with which it mixecl, a-nclthe -relocity of the
jet. was quite small. This report present; results of an
e-sperimentaI investigat,ion of the mising of a supersonic
jet. In this jet the Mach number was 1.6 and the density
was about one and one-half times the density of the ambient
air. Measurements were made with an interferometer of
the clensity variation across the mixing zone in the region
near the nozzle. From the density ~-ariations the ~elocity
variations have been calculated. A full description of the
interferometer is gh-en, together with discussions of the
technique of adjusting the interferometer, the theory of fringe
formation, and the method of evaluating interferogrmns
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Glaclstone-Dale constant
mixing length
distance through test section
!ndex of refract~ortof @ of density p
index of refraction of alr of denslt,y p’

dimensionless fringe shift, Y/b, where density
<Sof

static temperature of air
stagnation temperature of air
~elocity of air
relocity of air in free stream
velocity of ~ght
~elocity of hght. in vacuum
veIocity of light in air of clensity p’
coorclinate
retarcla.tionof light beam that causes fringe

shift Y
coordinate
fringe shift
coordinate
wa-relength of l~ght
wavelength of l?ght in vacuum
wavelength of hghb in air of density p’

density of air
scaIe factor cletermined by compar~~ experi-

mental and theoretical -relocity distributions
angle of incidence of liiht ray

APPARATUS

JET

The open jet is operated by the air from a 50’O-cubic-foot
storage tank in vihich the initial pressure is about 1SOpounds
per square inch and frrmi which a pipe leads to a supersonic
nozzle. The e-tit encl of the nozzle is open to, the atmos-
phere. In the pipe that runs from the tank to_the nozzle
is a. ha.ncl-opera.ted gate ~al-re, an air-operated quick- -
open~~ -rake, ancl a pressure reguktor. The purpose of
the pressure regulator is to reduce the pressure of the air
going into the nozzle to a due. that wiUresult in the pressure
of the air, as it lea~es the nozzle, being atmospheric. The
result is that no strong shock w-a-resor expansion wa~es
origim-tte at the rim of the nozzle to adjust the jet pressure
to atmospheric.

The results reportecl herein were obtained with a nozzde
that gave a Mach number of 1.6.The nozzle rim of the
t-ro-dimensional type and was constructed of steel. It
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had an exit opening of 3 by 3 inches. The coordinates
of the nozzle blocks were calculated by the method of charac-
teristics. No allowance was made for the thickness of the
boundary layer, and the nozzle gave the Mach number for
which it was designed. A photograph of similar nozzles
is shown as figure 1, together.with the section for the trans-
ition from a 6-inch circuki,rpipe to the rectangular entrance
to the nozzle.

lNTERFEROMETER

Introduction,—The M.ach-Zehnder type of interfmometcr
was originated by L. Mach and Zehncler for use in studying
phenomena of gas dynamics. The instrument is useful in
the study of gas-flow problems because it gives an instan-
taneous record from which can be calculated the variation
of gas de&ity throughout a flow field.. It is pa.rticnlarly
applicahle to the study of high-speed gas floWS,because, by
using light waves, it makes unnecessary the insertion into
the flow of probes or other measuring instruments that.would
disturb the flow. The interferometer gives quantitative
results in which a rather high degree of accuracy carI be
obtained. It has a sufficient range of sensitivity to measure
both small density changes, as in a weak Prandtl-Meyer
expansion, and large density chnnges, as across a strong
shock wave.

The interferometer was used, but not intensively, by
Mach and Zehnder. It was applied to the study of subsonic
aerodynamics by Zobei (reference 9). Since then it has
been “applied by Ladenburg and his coworkers to the study
of phenomena in supersonic flow (reference 10).

The basic arrangement of the .Mach-Zehnder interfer-
ometer is shown in figure 2. Light from a source II is made
into a beam of parallel rays by a collimating lens system L,.
This beam falls on the splitter p~ate& where it is split into
two beams. Part of the original beam of light is reflected
by the splitter plate 81 and part is transmitted by it. The
part that is transmitted goes to the mirror MI where it is
reflected onto the splitter plate fJ2. A portion of_the beam
is transmitted by & and is ntit used. The other portion is
reflected by S2, passes through. the lens L2, and falls on a
screen or a photographic plate P.
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FIGUREl.+upersonic nozzlas.

The light that was reflected by& Iilmwisegoes to a tiotally
reflecting mirror .MZ from which it is rcficcted onto the
splitter plate &. At & a part of the beam is reflected and
is not used, anclthe remainder is transmitted, passes through
the lens L2, and falls on the scrccn or the photographic
plate P. This arrangement fulfills one of the necessary
conditions for the interference of the waves in two twams of
light; that is, that the two beams originate in the swmclight
source. From a practical standpoint ihe mmmgcmcnt also
permits the condition to be met that the two beams be widely
enough separated in space that the disturbance to bc stuclicci
can be introduced into one of the beams without dislurbiug
the other. The disturbance, or the “testi section,” cm, of
course, be located anywhere in either of the two beams, In
the apparatus described in thk report,, the test section was
situated midway between the mirror M and the splittw
plate S2.

Theory of ideal fringe formation,—Tho two beams of
Iight that reach the photographic plate P appear to como
from separate sources that are situated some.wlmw to the
left of the mirror M2. By proper orientation of the two
splitter plates and the two mirrors, the two beams of light.
can be made to appear to cross each other, as is shown in
figure 3. If, for the moment, it is assumccl thnt each beam
is composed of strictly parallel and monochromatic rays,
then the wave fronts can be represented by equally spaced
straight Iines perpendicular to the directioh of propagai ion,
as is R,ISOshown in figure 3. Here the straight lines represent
the crests of the waves. Midway between two successive
crests are the troughs of the waves. Where two lines in-
tersect, two c$estsoccupy the sameposition in space, reinforce
each other, and cause an increase in the amplitude of vibrat-
ion and an increasein ttheintensity of the light. Where a line
intersects a point that is midway between two adjacent lines
of the other beam, a crest and a trough interfere dcstructivcly,
so that a decrease in the amplitude of motion and a dccrcasc
in the intensity of the light results. The plate P vW there-
fore be crossed by parallel,’’horizontal (in this case) lines of
alternately weak and strong intensity. These lines are the.
interference fringes, They can be orie.ntcdin any direction
by proper rotation of the two splitter plates and tho two
mirrors about two axes: one in a plane parallc~ to that of
the paper and one perpendicular to the plane of the paper.
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FIGURE2.—Baeicarrangementofiklacir.Zehndericterfcromcter,
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Lf now a disturbance is produced in the air that is in the
test section and this disturbance changes the speed of the
Iightin the beam that actually traverses the test section,
then the wave fronts in that beam will be advanced or re-
tarded, and the positions of the fringes will be shifted down
or up. From the shift, in the fringes the average speecl of
the Iight and, from that, the average clemity of the air can
be calctiated. The only gas-flmv cases for which the den-
sity fielcl can be evaluated are the one-dimensional case of
uniform density throughout the field, t-he two-dimensional
case of uniform densities along lines (or planes) that lie
pamdlel to the light-beam direction of propagation, and the
three-dimensional case of axially symmetric densities, such
as the fiovr field about bodies of revolution at zero angle
of attack.

Theory of practical fringe formation.-so far it has been
assumed that the light is strictly monochromatic and is a
beam of paralle~rays. But. pm-aIlellight can be obtained
only from a truly point source. Because in practice neither
monochromatic light. nor a point source is used (with a~ail-
able means of approximating these to a very high degree, the
intensity of the light viould be too sma.1.1),neither condition is
actually met.. As has been pointed out before (reference 10),
the complete theory of fringe formation for the actual case
has not yet been given. Schardin, however, has shown
(reference 1l)tihat the folIovring is the case. With a point
source and a strictly parallel beam, fringes are formed at aIl
points along the two axes 11—11’and I&Iz’, where the two
beams o~erlap. (See fig. 4.) But in an act@ case, in
which a light source of finite extent is used, the lines 11—11’
and IZ—lS’ become very numerous. The most distinct
fringes are then formed where the various Iines between II
and 11’ and between 12and 12’ intersect. The interferometer
should be so adjusted, by rotation of the splitter platee, that
this intersection is in the center of the testisection. ‘

For obtatig t-hegreatest contrast between fringes, it is
also necessary that.the optical-path length through the inter-
ferometer be the same for the two beams. In other words,
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XIGUItE3.–Froductfomoffrii with monochromaticparallellfght, k, wavdengthoflight.

it is necessary that the optical path for the two beams be
nearly the same from the time the original bearnis split into
two, at the splitter plate i31,until the two are reunited at
the splitter pIate S’?. This condition becomes the more im-
portant the further the light cleparts from being monochro-
matic. For a giv-en setting of the splitter plates and t-he
mirrors, the fringes have a given spacing for each wa-re-
length. The greater the wavelength, the greater the spacing
between wave fronts and, consequently, between frkges. .
Thus, friqes produced by a large number of wavelength -
coincide onIy at one poiut, the center of the band of fr@ges.
On either sicle of this center the.fringes get out of step with
each other and the contrast between light and clarkbecomes
less and less. With the optical paths equal, the center of
the band of fringes, where the contract is greatest, lies a~
the center of the test section.

Description of interferometer.-The interferometer, with
which the results presented in this report were ob t.aiued,was
designed and constructed at the Langley Laboratory and is
instaIIed in the boundary layer laboratory of the Physical
Research Division. The bise on which the splitter plates
and mirrors are mounted is a one-piece iron casting in the
form of a four-leaf clover. (See figs. 5 and 6.) The assem-
bly is supported in a verhical plane a.tits center by a.single
mount, which is attached to a framework of structural steel
that is welded to a steel table. The t.able rests on steel
plates that are bolted to the concrete floor of the second
story of the building. The buiIding houses numerous
motors, compressors, and other sources of tibra.tion. It is
within 50 feet of a projectle ga.lIery,a 500-horsepower wind
tunnel, and a 1,000-horsepower -ivind tunneL Ml of these
pieces of equipment cause vibrations of considerable am-
plitude in the second-story floor, which is supported by
columns ordy every 20 feet or so.

Interferometers are quite delicate instruments, m far as
adjustment is concerned, and are quite subject to being
thrown out of adjustment by mechauical vibrations and by
temperature changes. When the present instrument was
designed, it was hoped to produce an instrument that would
not cause a.ninordinate waste of time in keeping it in adjust-
ment. The result has been quite satisfactory. Apparently
became of its symmetrical design (and probably dso because
cast iron has a 10-wcoefficient of thermal expansion), no
effects of tem-perature changes on t-he adjustment of the
interferometer have ever been noticed. OrclinariIy the in-
terferometer is enclosed in a sheet-ahunhmm case. Even
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FIG~E 4.—Regionfn rihfch kfngesappear to be formediu -Mm?h-Zehnderinterferometer.
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when i’t is used with one side of tbe case removed amclthe
temperature in the room is chctngedby opening the windows,
or when the operators stand close to tho interferometer, no
change in the fringes is noticed.

In an effort to keep the interferometer in adjustrm?nt
despite vibrations, it was at fist suspended from a frame-
work by springs that gave the system a natural frequency
of about 1 cycle per second, It was soon found, when study-

I?IGVRE5.—lWllviewofhterferometerwith lightsource(left)end camera(right).
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FIGURE6.—Interferometer.(Splitter plates, lowerleft and upper righti mirrors,upper lrft
and lowerright.) .

ing the boundary layer on a flat plate, that the beam of
light could not be kept lined pmdd with the fiat plate.
Moreover, at that time the glass plat& and mirrors were
supported at four points, and they could not be clamped
very tighfily without cansing strains in the glass and distor-
tion of the fringes. As a result, the interferometer would
not stay long in adjustment, ~espite the fact that it was sus-
pended by springs. Accordingly, the supports of the platm
and mirrors were changed to the three-point type (see fig. 7) ,
and were clamped down very tightly without distorting the
fringes. The spring support was discarded and the inter-
ferometer table was placed on the ffoor as just clescribed.
As a res.ult,the interferometer has stayccl in adjustment for ,
some length of time, In fact, in the past 9 months no ad- ‘
justtmentsof any kincl have been made, ancl the inLcrfcr-
ometer has stayed in perfect acljustmc.nt.

Each of the two pIates and two mirrors is rotatable aboul
two axes: one in a plane pandle.1to that of the intcrfcrometcr ,
base (fig. 6) and the other perpendicular to the plane of the ‘
interferometer base. For rotution rhout the first of these
axes, the mirror holder is mounted in journal bearings. (See
fig. 7.) These bearings are c.l~mpecl i.ight, just shorl,. 01 .-
binding. A lever is attached to the axle. The enclsof micronl-
eters press against the lever, Rotation of the ph~teor mirror
is effected by advancing one micrometer while rctrncting the I
other. When the proper posi~ion is reachecl,$bot:hrnicrome- ,
ters me screwed very tightly against the lever. ITorrein lion
about the other axis, the plate or mirror housing rotalcs on
ball bearings. Again a lever is moved by mcnns of two mi-
crometers. (The micrometers provicle an ccononlical method
of obtaining precision screw treacls. Th’c scales on the
micrometers arc not used.)

For adjustment of the white-light fringes—that is, for ‘
aclju$ing the difference in op tied-path lcngth of the ~wo
beams, where optical-path lengt.h is defined M t.hc integral

FKJumr7.—Intcrfwometcrmirrormount.
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of the product of index of refraction and t-hedifferential of
geometric path length—means were provided whereby the
entire housing of mirror Ml coulcl be tra.nslateclin a direc-
tion perpenclknihwto the plane of the mirror. The ways on
which the housing moved were fom”d, however, to be not
sufliciently smooth, and when the mirror was mo~ed, the
plane of the mirror changed and thus the orientation of the
fringes changed. The sorew was also found to be too coarse;
therefore, for easier adjustment of the white-Iight hinges, a
compensating plate was installed in each beam (C.. and Cz,
fig. 8). Each plate is rotatable about two mutualIy perpen-
dicular horizontal axes. One plate is placed in a horizontal
position, and the white-light fringes are adjusted by rotating
the other plate. The fact that the path in glass may be
difFerent.for the two beams does not matter, because the
light is too nearly monochromatic for dispersion to have an
appreciable effect.

The splitter plates and the mirrors are 4 inches square and
;i inch thick. The plates are polished flat on each side to a
tolerance of ;;o wavelength. The angle of t-hemedge formed
by the two siclesof a plate does not exceed 2 seconds of arc.
One side of each plate is coated tith zinc sulphicle for in-
creased reflection. Use of this coating is a departure from
the conventional method. This coating has the advantage
over the conventional one, which is a thin coating of silver
or aluminum, in that no ~~ht is absorbed by the coating.
The ideal coating -woulcltransmit 50 percent of the light ancl
reflect 50 percent. Since each beam is transmitted once ancl
reflected once at splitter plates, the net-result would be two
beams going into the camera., each of which had 25 percent
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of the intensity of the origgal beam. For the zinc sulphide
coating that was used, approximately 40 percent is refIected
arid 60 percent transmitted. This is satisfactory, however,
because each beam into the camera then has 24 percent of
the original intensity (neglect~~ losses at the mirrors).

The two mirrors are fiat to a tolerance of HO wawdength
and are front surfaced with rhodium. Because of the Ior
reflectance of rhocli~ (about 75 percent), ifiis expected that ‘“
ah.minum would be more satisfactory.

Description of light source and camera,—A satisfactory
light source for application of interferometry to the study of
flow phenomena must provide nearly monochromatic Light
in a. nearly parallel beam. & additional requirement for
taking interferogra.msof high+peed flow is that the duration
of the light be sutllciently short. For taking interferograms
that,are free from bhrrring of phenomena in a.nopen, or free,
supersonic jet, e.sposuretimes of the order of 3 microseconds
or less must be used. (Inherent in free supersonic jets are
high-frequency vibrations.) Because meeting each of the
requirements of being monochromatic, pa.rdlel, and of short .
duration tencls to reduce the intensity, one must add the
fourth and obvious requirement of sufficient intensity.

The light-source problem has been solved by the same
general method t-hatwas used by the Princeton group (refer-
ence 10); that is, by use of a high-voltage magnesium spark
and a monochromator. A diagram of the complete light-
source optical system is shown in figure 8. The two elec-
trodes are magnesium rods of ;-i-inch diameter with rounded
tips a.ppro.simately 1 inch apart. Each magnesium rod is
held in a concentric hollow brass rod. A press fit is used for

h b-fercwi7efet- Comeru
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FIGmE 8.—CompIeteoptird diagramoftiterferometerusedin thii hwestiition;
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mechanical strength, and where the magnesium rod enters
the brass rod, a weld ‘is made. Each brass rod is soldered
to a thin copper sheet, which extends for about an inch and
is then soldered to a terminal on each of two condensers.
Each of the two condensers, which are thus connected in
parallel, is a 15,000-volt pyranol condenser and has, accord-
ing to the manufacturer’s specifications, a capacitance of 1.0
microfa.rad and an inductance of 0.5microhenry. The con-
densers are charged, through a 10 megohrn isolating resistor,
to 16,000 volts. The discharge ‘is ‘initiated by means of a
tickler spark between one of the magnesium electrodes and
an auxiliary magnesium electrode placed between the other
two and slightly to one side. The tickler spark is produced
by the potential across the secondary of an automobile igni-
tion coil that occurs when the 6-volt circuit through the
primary is broken, This arrangement gives satisfactory con-
trol over the main discharge and facilitates synchronizing it
with the opening of the camera shutter. The duration of
the light from the main discharge was measured with a
rotating-mirror apparatus and was found to be approxi-
mately 3 microseconds.

The monochromator was constructed from a Bausch and
Lomb “Simplified Constant Deviation Prism Type” Labo-
ratory Spectrometer. The collimator objective, of aperture
f/8,and the entrance slit of the original spectrometer were
removed and were replaced by a system of greater aperture
that was constructed from avaiIable lenses. The lens LS
(@. 8)is anj/1.6Kodak Anastigmat of 50-millimeter focal
length. This lens focuses the light from the spark discharge
on the adjustable entrance elit. (No pinhole is used at the
spark.) The light is then made into a parallel beam by the
lens L4,which is an f/2.3 Bausch and Lomb Ba.ltar of 2-inch
focal length. The parallel beam then goes through the
constant-deviation prism of the Pellin-Broca type. The beam
is then focused on the adjustable exit slit by the lens L5,
which is an ~/8 lens of 6-inch focal length and is the origimd
lens furnished with the spectrometer. The exit slit is at the
focus of the mirror Ll, The light from the slit is turned at
right angles by ‘a small prism, which is placed slightly off
the axis of L]. The mirror -L1is a parabolic mirror of 4-inch
diameter and 36-hMh focal Iength and is front-surfaced with
chrome aluminum.

It is realized that considerably more light could be obtained
from the system if the f-numbers of the vmious lenses and
the mirror were properly matched, in order that the image
of the entrance slit, which faIIs on the exit. sIit, would be
more nearly the same size as the entrance and the exit slits.
The system as used at present, however, works satisfactorily,
and therefore no changes in it are contemplated.

The light from the green triplet of magnesium is used,
which has wavelengths of 5,167, 5,173; and 5,184 angstrom

-units. Of course, at the high exciting voltage that is used,
the light does not consist only of these three wavelengths
but is nearly a continuous spectrum. It was found that the
light from this region produced much more satisfactory inter-
ference fringes than that from any other region of the spec-
trum of a high-voltage magnesium spark. (The Princeton
group reported (reference }0) that they obtained best results

by using the blue line at 4,481angstroms.) The monochro-
mator was set at 5,170 angstroms, and the slits were set at
a width of O.3millimeter. A band about 30 angstroms wide
was passed by the exjt slit, and about 180 usable fringes
were obtained. It was found that the appearance, or con-
trast, of the fringes could be improved by reducing t.hclength
of the exit slit to % inch,

The fringes were photographed with an Eastman Ant-wtig-
mat aerial camera lens Lz of 13.5-inch focal length and j/3.5
aperture. Kodak Linagraph Ortho film was useci, The Lina-
graph Ortho is a very fast orthochromatic fihn of modcmte
contrast and high resolving power and is dcsignccl for photo-
graphing high-speed transientphenomena on green-fluorescing
cathode-ray screens.. hTegativcs of about l)i-inch diam-
eter were taken. (Inasmuch as the film was used in the
35-mm size, a portion of the light did not hit the film.
Since the interferograms shown in the prcse.nt report were
taken, the film has been changed to the 70-mm size..) The
moderate grain size of the film permitted enlargements of
sixteen or more times the diameter of the negative, or sc.vcn
or more times actual size.

A Kodak Superm-atic shutter was placed at the focus of
the camera lens. The shutter \vasset at jfo second and was
synchronized with the light-source spark. For convenience
in moving the film, a slightly modified Argus C-3 camera,
with the lens removed, was used as a film holder.

The procedure that was followed for each intcrferogram
of the flow was to take first a.ninterferogram with no flow,
then one with a transparent ruler in the test section for
establishing the scale, then one with flow, then a fmd one
without flow. The film was developed in Koclak D-72 for
the exceptionally long time of 14 minutes at 68° l?.

Adjustment of the interferometer,—When Lhe interfero-
meter is fist setup, a number of adjustments must be mrtd~
in order to obtain fringes and to orient them properly. Most
of the adjustment procedure that was used is a more-or-less
standard procedure, but part is origimd.

The first step in the initial-adjustmentof the interfcromete.r
is to make the reflecting surfaces of the two splitter phttes
and the two mirrors nearly parallel. This is done by making
the two mirrors as nearly parallel as possible hy eye, and
then leaving them there, because it is possible to produce
all fringe orientations by adjustment of the splitter plfitcs
alone (except for adjustment for white-light fringes which
is made with the compensating plates). Then the plates arc
set nearly parallel to the mirrcm by simple inspection. A
small light source is placed 15 feet or more away from the
interferometer, and the light is directed at plate & Two
sets of cross hairs are set up, one near the light source and
the other near plate S’1. Two screens are set up on tho
opposite side of the interferometer in such positions that a lens
placed after plate & focuses one set of cross hairs on onc
screen and the other set on the other screen. Ea,ch set of
cross hairs produces two images on one screen. O~e image
is produced by the light that is transmittcd through the
lower part of the interferometer, and the other image by
the light that goes through the. upper part. The splitter
plakes are then so adjusted that the two images of one set
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of cross ha.iracoincide, or merge into a single image. This
procedure is repeated for the other set of cross hairs. As
the adjustments for the two sets of images are not inde-
pendent, they must be contiiued until the images of both
sets of cross hairs appear to be single. The light source is
now replaced by a monochromatic light source. This light
source shouId be sticient,ly close to being monochromatic
so that many hundreds of i%iies can be produced. The
reason for this is that at this stage of t-headjustment the
two optical paths through the interferometer may be con-
siderably difTerent. If such is the case, and a light source
that would give relatively few fiiuges is used, then the
fringes cannot be found because their apparent location
would be above or below the test section and out of the light
beam. A satisfactory light source is a sodium-arc la.mp
or a GeneraI E1ectric B–H6 mercury lamp operated at a.n
under-voltage of about 60 voIts. The lens in the beam
emergent from the interferometer is replaced by a telescope
placed some 15 feet beyond the interferometer. kterference
fringes generally can then be brought into focus at, some
point between the light. source and the telescope. If they
cannot be found, either the elimination of double cross-hair
images ha. not been sufficiently achieved or the difference
in optical-path length is too great. Inspection of each
cross-hair image (on the screens) with a magni@g glass
wiU usually reveal that the elimination of doubling has not
been complet.ely effected.

Once the fringes have been located, the monochromator
is set up. A B-H6 mermu-ylamp is placed at the entrance
to the monochromator. The slits are narrowed to about
0.3 millimeter and the prism set t-opass the 5,460-angst.rom
line. The nest adjustment is to tilt the friies into the
desired orientation, say a horizontal position, by rotating
a splitter plate.

The next two adjustment-sare to move the fringes into the
test section and to acljust. them to the desired width or
spacing. These two adjustments are made simultaneously
by aIternate rotation of the two splitter plat= and by ob-
serving through the telescope the location and t-he spacing
of the fringes. This adjustment is not diflicuh. For
example, suppose the fringes are located between & and the
telescope and are too narrow. The first step is to determine
which of the two beams goes through which path in the
interferometer. This is determined by focusing the telescope
on the light source and bIocJ@ off one of the paths. It is
desired to have the beams cross in the test section midway
between .Mz and &. If the slope of the beam that passes
through the test section is positi-re -&h respect to the slope
of the other beam, as shown in figure 4,then plate & is
rotated countercIocLc-se to bring the fringes back ahnost
to the test section. This adjustment may make the fringes
too broad. Then fl~is rotated clockwise to move the fringes
the rest of the way to the test section and at the same time
to narrow t-hem.

The next adjustment is to make the two optical-path
lengths through the interferometer equal. With the fringes
in focus iu or near the test section, the slits are opened
until the fringes visible in the telescope become faint. By

rotating a compensating plate, the friies are caused to
appear to pass vertically thro~~h the test section until they
disappear. The position of the compensating plate is noted,
and the plate is rotated in the opposite direction until the
fringes with the greatest contrast have passed through
the test section and the fringes again disappear. The com-
pensating plat,e is then positioned half-way betm-eenthe two
positions where the fringes disappeared. The interferometer
is then nearly in adjustment for white-light fringes. Either
the monochromator is removed and a source of white light
is usecl, or the white light is pIaced just ahead of the first
splitter plate without disturbing the monochromator. (A ---
convenient point source is the zirconium-arc light.) Then
a slight adjustment of a compensating plate will br~~ the
white-light fringes into view. H the disturbance of which
an interferogram is to- be taken contains a region in which
there is a density gradient of considerable magnitude, such
as a boundary layer, the fringes WN be crowded together in
that region, and distinguishing individual fringes may be
diflicult. It is advisable to place the white-light friies in
such a position that they w-illmove, -whenthe disturbance
is produced, into the region of density gradient and thereby
provide the fringes of greatest contrast in that region.

The final adjustment. is to remove what might be called -
“twist” from the two beams. For horizontal fringes the
two spLitterpIates have been rotated about horizontal axes
and the t-ivoimages of “the Iight source, as seen in the tele-
scope, Iie one abo~e the other. It may be, however, that
the two beams do not lie in the same vertical plane. If they
do not, sharp fringes can be observed only when the source
is a line of zero width (and is also vertical, for horizontal
fringes). As it is necessary that the light source have a
finite width, in order to give enough light, then the fringes
vrilI appear considerably blurred unless the rotation of the
plates is corrected in order that the two beams lie in the
same vertical plane. In order to check this, the telescope
is removed and the eye placed in the emergent beam some
distance away horn the interferometer. The fringes may
then appear to be cocked at. au angle to the horizontal.
If so, then as one walks tom-ardt-heinterferometer the fringes
will slowly rotate back to the horizontal position which t-hey
had -when~iewed with the telescope focused on the test sec-
tion. By @ernately rotating the two plates about their
nonhorizontal axes, the two beams can be swung until they
both lie in the same -rertical plane and the fringes appear
horizontal when tiewed from both a close and a far position.

When all these adjustments have been made, the following
will be true:

(a) The fringes are centered in the test section.
(b) The fringes hatie the desired orientation.
(c) The friiges have the desired spacing.
(d) ‘J!hewhite-light fringes are in the correct location in a

vertical cross section through the test section.
(e) The two beams lie in a single plane.

E1’ALUATIOXOFDEN’SITYFIEI,DS

The theory of the evaluation of interferograms of one-
and two-dimensional flow fields given here is no dit7erent
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from that given elsewhere. (See reference 11.) The theory
is repeated here for the sake of convenience. The method of
measuring fringe shifts is believed to be somewhat different.

The theory of the formation of the fringes has been
discussed in a previous section. The production of fringe

shifts is illustrated in figure 9. Consider that when no
disturbance is present both beams travel in air of densiiy p
and refractive index n. The value of the refractive index
is a function of the density of the air, for a given wave
length of light, according to the Lorentz-Lorenz relation

???-1—*— ccp
n +Q

or ,

* (n-l) tip.

Because n is very nearly equal to unity, the equation can
be written

w-herethe constant of
Dale constant. Then

or

n—l=kp (1)

proportionality k is the Gladstone-

n—1 n’—l— .~
P P

.,

nf — ()n= (n– 1) $–-1 (2)

Now let one of the two beams pass, for the clistance L,
through air of a different density p’ and index n’, and let

0 Fringe

Q+ Fringe

,.

Tb
1.

Y

>1
2 -2-—

J!=i+dJ A 1 ~ [‘–’~+/-—-
positions wifh no” flow intensity intensify

positions with flOW with wiihflow
no flow

FIGURE9.—Productionoffringeshifts.
.

values of density and index be constant along the Icngth L,
but let them be functions of the vertical coordinate y. ‘l’hen
the wave fronts will be distorted, as in figure 9. The
amount of distortion or retardation ~1”at any poin~ is n

-function of the velocity of light ut that point. The t.imcfor
passage of light of velocity V’ through a distance L is L/T”,
In that same time, light of velocity V will pass through a
distance L+X, Therefore,

~

But, since

then

or

But, since

and

I therefore

L L+X
V=T

VA—=.
,V’ h’”

L L+X
P=-X-

X=; (A–A’)
I

T;’O AO
‘=V=X

-,

hnf=7
h s

X=”; (n’ –n)

=L & (n’–n.)
1

By similar triangles, it’ follows that

“YXL=—=—
,- 3 A x, ‘n’–n) ‘

Then, by use of equation (2),

f=: (n–1) ($- 1)
or

. .
%’=:(2+)+1

If Y/b, the”fringe shift in terms of fringe width, is dcsignakcd
by iS(y) ahd the quantity in parentheses is clesignrttcdby C,
then

f+s(y)+l (3) :

In this equation P’/P is the density ratio between some :
position in the disturbance and the undisturbed air,

The technique of obtaining the values of the frhqy shi~ts-
for a given cross section of the flow field is simplified by t-he ,.
plotting “of graphs. An interferogram is taken of the
und-isturfid””fringes. (See, for example, fig. 10.) Then
interferogiams of the flow field are taken. (Sco fig. 11.) “
Then enlargements to about 7 diameters am made. A
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position along the horizontal W& is chosen a.t which the
density variation is to be determined. At that position on
the enlargement of the undisturbed fringe pattern, a -rertica.l
line is drawn, ancl the positions of the fringes are measured
vrith a scale. (A piece of cross-sectional paper pasted on the
picture is usefd.) Then the fringe positions are plotted as
a function of the \-erticalcoordinate y. Such a plot is shown
in figure 12. A con-renient position, such as the lower eclge
of the nozzle open@, is chosen as the zero of the y-coorclinate.
This position was locatecl on the picture in the following
manner: Tmo small pieces of drii rod were inserted into the
lower nozzle block. From t-heir actual ch.meter and their
measured cliameter on the picture, the magni&mtion over
actual size was determined. From the knomn cLista.nc&of
these rods to the inside edge of the nozzle, the location of the
edge couId be found on the picture. Two small pointers
placed in the camera, the shadows of which can be seen in
the lower part of the interferogrmns, served to locate, in the
pictures that. did not- include the nozzIe end, the horizontal
line that would extend to the nozzle edge. (The t.mopieces
of clrillrod were also used for checkiqg the a.linementof the
light beam with the nozzle edge. They are placed on oppo-
site sicles of the center of the nozzle. If the alinementiia
correct~then when, on an int.erferoamsrn,the proper dieta.nce
is measureclfrom each rod to gi-re the location of the edge of
the nozzle opening, the same location is obtained for both
measurements.) Then, on the ex.imgement of the interfero-

. .. ...... . .“”..-

. ..”. . .. . .

. . . . . . . @....===.= ~- .
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FDXRE10.—_CndisturbedfrCCges.

am of the ffow field, at the same position horizontally, the
positions of t-he @wes -were measured on a vertical scaIe.
Then obtaining the friie shtit as a fnnetion of y mm simply
a matter of going to the first p~ot (fig. 12) with a wdue of y
and the corresponding fringe number, reading there the
nndisplacecl hinge number for the same ~a.lue of y, and
subt,ract~~. For example, suppose that fringe number 20
lay at y= 17 in the flow interferogra.m, and fringe number
8.4 lay at y= 17 in the ho-flow interferogmm; then the
fringe shift. a.t y=17 k 11.6 fringe wiclths. The density
ratio between the place There y= Ii and the undisturbed air
is obtainecl from equation (3). This proceclure =iiascarried
oqt for each cross section through the flow fielclwhere it,was
decicled to obtain the density distribution.

-.

Ail 1
The constant C=Z ~ Fas determined for each cross

section through the jet. The wdue of k. was 5,170 mg-
stroms. The -due of n—1 was determined from equation
(1). The value of p, the density of room air, was obtained
from pressure ancl temperature measurements. The best
cribical-table wdue of k is 0.1167 cubic foot per slug for 5,170
a.ngekroms. The tidth of the nozzle opening was 2.999
inches, and this -raIuewould be the value of L if there were
no end effects. A corrected -ralue of L was arbitrarily
obtained as follows: The friime shift was plotted against. y
from the undisturbed region, through the boundary Iayer,
into the free-stream region of the jet. The area under the
curve was obtained and divided by t-hefringe shift in the bee
stream. “This gave a position at which the same fringe
shift would occur if it- took place abruptly, rather than
gradua.Uy through the boundary la-yer. The difference
between this position and the position of the edge of the
nozzle was subtracted ttice from the actua.1nozzle width to
obtain the value of L used in the constant C. This method
is sufficiently accurate for cross sections close to the nozzIe.

EFFECTOF RZFRACTIOX-

When light passes through a medium in which the index
of refraction varies in a. direction that is perpendicular to
the initial direction of propagation of the light, the direction
of propagation is changed, or the Iight is refracted. In the
rnking region of the jet considered herein, the density of the
air varies, and consequently also the index of refract-ion
~aries. ” The purpose of the present section is to determine
whether the refraction, or bending, of the light. has a sig--
nificant effect on the mixing-region density distribution
obtained from interferograms.

Let y be the -rertica.1coorclinate through the mising zone
and z the hoMzontal coordinate in the direction of the light
beam. Because the air density in the mising region in- -
creases as y increases, the light wiJl be refracted tomu-d
larger ~a-luesof y. If @ represents the angIe of incidence,
then Snell’s lam states that, at any point in the medium,

where V is the -relocity of the light and c1 is a constant.
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(a) Oto 1!.4inchesfrom-nozzle.
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(b) 1}4to 3 inchesfromnozzle.

(c)3 to 4)4inchesfromnozzle.

FIGURE
(d) 4%to &4inchesfromnoz7,k,

ll.-Interferogramo fjet.
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(e) 5}$to i inchzzfromnozzle. (f) 7 to 8)5inchesGornnozztz.
FIGGIZEIl.—Concluded.

AccordiDgly, therefore,

but

therefore

It is now requirecl to solve this equation in order to fincl
the amount by which a ray of light is deviated in the mixing
region. First, it}is necessq to e.spressn as a function of y.
In a subsequent section, the clensity distribution through
the mixing region is obtained. For the present purpose
this distribution is approximated by a linear -rariation that
fits the actual variation over a large portion of the mising
region. The density of the air at the outside of the mixing
zone is taken as 0.0024slug per cubic foot and at the inside

edge of the mixing region as 1.5 times as great, or 0.0036
slug per cubic foot. The effect of refraction is greatest at

the place where the density gradient is the greatest. This
occurs at the cross section that is closest to the nozzle. For
the present investigation that cross section is 2 inches from
the nozzle. The actual width of the mixing zone there is
about 0.33 inch. The assumption is made of a Iinear density
gradient equal to the average gradient across the mixing
region. The assumed density variation, then, is given by
the equation

p= O.0024+0.0036y

and the index variation is, by use of equation (1) and the
given value for k,

f-l= r.000m+ 0.000uy
or

n=a+by

The differential equation then becomes

By substitution of

p.%

and “
[L=p+gy
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then ....
d~a:..”

dz=- -.== .
g~p–1

On integration,

q(z+c,) =logc (:+ J&’– 1)

??or evahmtion of the integration constant Cz, at z=y=O

“’=]o’tfia+l(+k+’l
But at Z=y=o,

Therefore

and

Therefore
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FIGURE12.—Locationofundisturbedfringes,

or

‘:’+’-:2”=2(1+:0
The path of a ray, therefore, through a medium of limmr
density gradient is a catenary. Because a is very nearly
equal to unity, the equation cm. be simplified to

#+e-bz=2(l+~V)

or, by use of the series expansion, to

1

The deviation of a ray on passing through the 3 inches of ,
the mixing region, from 2=0 to ,s=3, is

y=& XO.00042X9 !

=0.0019 inch

The index of refraction at y=O is

n=l.00028

and at y= O.0019is
n=l.0002808

I

The important quantity, though, k n– 1. The light my
emergesfrom the mixing region at a“place where n— 1 diflcm
by less than 1 percent from its value at the place where the
ray entered the mixing region. I?or the j ct under cliscus-
sion, therefore, the effe;t o~ refraction k negligible. I

RESULTS

INTIlllFIZEOGIZAMS

l?or obtaining interferograms of the mixing region of the
free jet of Mach number 1.6, the interferometer was so
adjusted that straight; horizontal interfcrcnco fringes were
producecl when there was no air flow, as is shown in figuro 10.

Figure 13 shows the portion of the jet of which iutcrfcro-
grams were taken for the present invesfiigation. This por-
tion was the bottom part of the horizontal j ct for the first I
10 inches from the nozzle. The 10-inch lcngt.h was covered
by taking .a series of seven intorferognuns, mch of which
covered a portion of the jet and its mixing region thut was
about 2)i inches high ancl about, 1)iinches wide. Only the
first six of ~heseinterferogrmns were usccl in obtaining the
density and the velocity distributions tlmt arc given in the
present report. These six kterfe.rogrmk cowrcd tho first !

8% inches of the .mking region. Tlm intcrfcrograms are
shown as llgures 11(a)” to 11(f). A composite of the six
interferogmms is shown as figure 14.

I



IIXVESTIGATION WITH Aii mT.TERFERO~IETER oF T=

Three regions are distinguishable in these pictures. The
lower portion of each picture, where the fringes have retained
essentially the same spac~~ that they had tith no air flom,
was tak,en with &~ht that passed through nearly undis-
turbed room air. The upper portion of each picture shows
the free-stream region of the jet. The center portion of each
picture is the mising zone between the free room air ancl the
free-strewn portion of t-hejeti.

If the irregularities in the fringes in t-he lower and the
upper portions of t-heinterferograms are averaged out, then
the spacing of the fringes is found to remain the same as it.
was with no air flow. This shows that there is uniform
clensity in each of the regions. In the mixing zone, however,
the fringes are crowdecl together and there is a density
graclient in that region. The density varies, in fact., from
atmospheric outside the jet to about 1% times atmospheric
inside the jet.

As can be seen in figure 11 (a.), at the end of the nozzle Lhe
boundary layer t-hathas built up along the nozzle ancl that
emerges from the nozzle is much thicker than the beginning
of the jet mising region. At a distance of about 2 ;nches
downstream from the nozzle, however, this boundary lccyer

I

I +––––––––––––––--–,s 1

I

FIGCBE 13.—Sch~matk! diigmm ofnmzh?,jet, and mkiug rwion.
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has ~ost its identity and there is only the mifing zone, the _
undisturbed jet, and the room air. Only data taken from the
region bet ween 2 and 7X inches downstream from the nozzle
are incIudecl in the present report. In that region seven
-rertical cross sections were chosen, at 2, 2jj, 3j4, 4}4, 5%, 6,
and 7}4inches from the nozzle.

DEXSITY DISTRIBUTION

The density variation along each cross section was ob-

tainecl The methocl of obtain.irg t-he density variation w-as

first to measure the variation of fringe shifi along each

vertical cross section. This w-as done by the method de-

scribed in the section entitlecl “Wa-lua.tion of Density Fielcl.”

Figure 15 shows a plot of the density variation across the

mixing zone at the seven cross sections. On the -rertical

axis is plotted the ratio of density to atmospheric density

p/P.,~. On the horizontal axis is plotted the noml.imensional

parameter oyfx. The variables g and z are position co-

ordinates. The y-a.-xis is vertical. The x-a-sis is not quite

horizontal but has been so chosen that it coincides with t-he

line along which the clensity ratio is 1.1. This is the line

along which the -relocity is O.5 free-stream velocity. ,(It

has been customary in the past to place the z-axis along the

0.5-velocity-ratio contour. For the jet under discussion,

this contour was at t-m angle of — I!i” to the horizontal.)

The pmamet er c is an e.sperimenttdly determined scale

factor. Its -due is obtainecl by comparing the experi-
mentally determined velocity distribution with the theoret-
ical distribution. Figure 15 shows that there is faidy good
simihwity in the density distributions. The lack of sca.tter
of the experimental points at the outsicle portion of the
mixing region is explained by the fact. that. atmospheric
density was used as the reference in the quantity p/patm that
was plotted. The scatter that occurs at t-heinsicle part of the

mixing region can be attributed partly to variations in

atrnosph eric clensit y and partly to variations in the sta.gna-

t.ion temperature of the jet, both of which varied from

picture to picture.

VELOCITYDISTRfBfITIOl-

l?rom the clensity distributions the velocity distributions

w&e calctdat ed -with the aid of several assumptions and

FIGUEE14.—Compasiteinterferogmmofjet, Oto 8}$inchesfromnozzle.
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approximations. It was assumed that the static pressure
in the jet and the mixing region was the same as the pressure
in the room air outside the jet. The temperature distribu-
tions through the jet were then obtained from the density
distributions by the general gas Iaw.

For the different interferograms the room-air temperature
varied between 79.60 F and 80.10 F. The stagnation temp-
erature of the jet air varied between 71.6° F and 73.6° F.
(The stagnation temperature was measured with a thermo-
couple that was insttd~edin the 6-inch pipe ahead of the
nozzle where the air velocity was Iow, about 150 feet per
second, and the temperature recovery factor was very
near]y equal to unity.) The assumption was made that
there was no heat transfer in the mixing region. The jet
and the mixing region were therefore considered to be iso-
thermal from the standpoint of stagnation temperature.
For the calculations of velocity distribution, the assumption
was made that the stagnation temperature in the mixing
zone was the same as the temperature of the room air.
Then, from the constant stagnation temperature and the
static temperature distributions, the velocity distributions
were calculated from the conservation-of-energy equation

U2= 2CP(T,taK—T)

where u is the velocity and CPis the specific heat at constant

pressure.
ToIImien obtained (reference 1) the theoretical veIocity

16

1,5

1.4
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‘atm
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distribution for the mixing region of an incornprcssiblo jet.
His results, given in table I of reference 1, me shown in figure
16. The vertical coordinate is u/%, where U. is the frcc-
stream velocity. The horizontal coordinate is again uy/x.
(For this figure only, the position of the x-ask ha-snot been

adjusted to coincide with the ~= 0.5contour but is horizontal,

at right angles to the y-axis.) - Tollmien’s rcsuhs show tha,t
the outside edge of the mixing region of an incompressible

jet is given by ~= – 2.04, Furthermore, Abrarnovich found
.

(reference 3) that com~ressibility had no cfl%cton the vahm of
uy/z at the outside bounda~T of the mixing region, He
treated theoretically a jet in which the stagma~iontcmpma-
ture was the same as that of the ambient air ahclin which the
free-stream velocity was large—up to the velocity of sound.
He also treated the low-speed jet in which the stagnation imm-
perature was diflerent from the temperature of the ambient
air. He found that compressibility effects arising from the
high velocity or from the temperature difference did not aflkc~
the value of oy/x at the outside boundary, but thatithe W-AC
for both cases was —2.04. In the present report, thcrcforc,
this value has been. accepted as correct.

Tollmien’s results also show- that tho inside edge of tlm
mixing region of an incompressib~e jet lies along a value

~=0 98. Abramovich found, however, that t,ha value ofz“
uy/z at the inside boundary shoulclbe afl%cteclby compressi-

Oistonce (rem
nozzle, m.

v

I I r f 1 1 1 1 # 1 L
-4 -3 -2 -f o f 2 3 4 5 6

dy/x

FIGURE15.—Variatjonof density ratio throughmixing region, -=15.
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biIi@ considerations. His analysis, howe~er, was not ex-
tended to supersonic.velocities, and no theoret,icsl value for
uy/x at the inside boundary is available for supersonic flow.

The quantity a was introduced in the theory of free jet

mising as a scale factor. (For example, see reference 1.)

The theory cloes not give the -rake of r, but its due is cleter-

mined by fitting the experimentally determined -relocity

distribution to the theoretical velocity distribution. In the

presknt. case, the insjde boundary of the mising zone is

clearly shown on the interferograms, and the angle that it

makes with the free-stream direction can be measured ancl

shown to be 3°. Because t-he theoretical value for tsy/x at

this boundary is not known, the -ralue of a cannot be deter-

mined from t.h; measurecL rate of spreacl of t-he raising zone

into the jet.. l?urthermore, at the outer edge of the inking

zone where ~= — 2.04, the density gradient is extremely

small. h interferometer is not very sensiti~e to such small

gradients, however, and the outer edge of the mix@ zone

mm.not, therefore, be cletermined accurately from the interfer-

ograms. Shadowgrams that. coverecl an extent of 5 feet along

the jet were therefore taken. On the shadowgrams the outside

boundary of the tixing zone appeared to lie at approximately

6°. This tingle would give a value of a of approximately 20,

— ~.o~

‘= –tan 6°

lt was felt, however, that the shadowgrams might not a~

curately indicate the true boundary of the mising zone, and -”

that the most satisfaekor-y method of determining a vioild be

to choose a value that would give the best fit of t-he esperi-

menta.lly determined velocity distribution with Tollmien’s

theoretically determined velocity cLietribution over the sub-

sonic portion of the mising region. l?irst, Tollmien’s curve,

shown in figure 16, was shifted horizontally by 0.39 in order

that the 0.5 wdue of u/uOwould lie at the zero Yalue of ay/z,

as shown by the solid curve of figure 17. Then the velocity

distributions that. were calculated from the measured density

clistribut.ions, as has been indkatecl, were plotted with r taken

as 15 ancl with the r-asis taken along the ~= 0.5 contour.

This value of u was chosen because it makes the data agree

with Tollmien’s curve between about O.2 and 0.6 on t-he -rer-

tical scale. & wdues of u/uOsmaller than approximately 0.2.

the data are probably not Tery accurate. At -dues of Ujuo
greater than 0.625 the flow is supersonic, and it is to be ex-

pected that, compressib~~ty effects alter the -ielocity distribu-

tion from that of incompressible flow. In fact, figure 17 ~

shows that the insicle boundary of the mixing region of the

supersonic jet is at ~= 1.12, compared tith 1.37 for the in-

compressible jet. In the supersonic jet, therefore, the mising .

region spreads into the free stream at a slower rate than in

a.n incompressible jet.
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The value of a obtained herq can be compared with the
w-duesobtained by other investigators for incompressible jets.
Measurements in a la.rgejet at Gottingen (see reference 1),
in which the free-stream velocity was about 100 feet per sec-
ond, gave a value for a of 11.8. Liepmann and Laufer state
(reference 8) that Cordes found a value of 11,95 for a. LiQp-
mann and Lauf or found that for their jet, which had a free-
stream velocity of 59 feet per second, the value of a was 12.0.
These values are to be compared -withthe results of the pres-
ent measurements, which give a value of 15 for u for a jet of
Mach number 1.6. Because a is a measure of the rate of
spread of the mixing region, the mixing region af the present
supersonic jet spreadsleesrapidly than that of incompressible
jets. The rate of spread of the outside boundary is’% that
of incompressible jets. The mtio of the rates of spread of the
inside boundary is even less, as is shown by the fact that in
figure 17 the inside boundary lies at a smalIer value of ay/x
than the theoretical.

In the theory of the incompressible jet, it has been custom-
my to assume that the value of the “mixing length” is con-
stant across the nlising zone and that the value of the mixing
length 1is proportional to the distance from the nozzle,

l=cx
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— Tollm;en,

The constant of proportionality c is ~1/2#. I?or the sub- ,
sonic jets, with a= 12, the proportionality constant c has the

value of 0.017. I?or the supersonic jet, with c= 15, the value
of c is 0.012, 13ythe use of the hot-wire metho~ Licpmann ,
and Laufer have shown that the mixing lmgtJl is not constant ‘
across the mixing zone, If a is taken, notwithstanding this :
fact, to be a.measure of the amount of turbulcncc, then the
present measurementsshow that the mixing region of a super- ‘
sonic jet is Iess turbulent than the mixing region of #low-
speed jet,

Figure 17 shows that the velocity distributions at the vari- ‘
ous cross sections are simiiar. The figure also shows that the
flow in the mixing zone is turbulent, because the rate of
spread is linear, in agreement with theory, ‘m comprwcd to
laminar flow in which the rate of spread is a function of tho
Reynolds number based on the z-coordinate.

Figures 15 and 17 show density and velocity distributions,
respectively, at seven cross sections. These cross sccttionslic
between 2 and 7)i inches downstream from the nozzle. In-
terferograms of the region from 7X to 10 irmhcsdownst.rcarn
were also. taken and density ancl velocity distributions were
obtained. These distributions were very similar to thoso
shown in figures 15 and 17. The distributions so obtained,
however, at these distances from the nozzle me not nccesmrily
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accurate. .&, 10 inches, the path length of the light thiough

the mixing regions on the two sides of the jet is about 3 inches.

The eflecb of this on the results was reduced by the method

described in the section entitled “ETaluat.ion of Density

Fields.” When the effect is htrge, however, it is not certain

that the method of correcting is at- all accurate. For that

reason no results are shown in the present report for distances

greater than 7ji inches from the nozzle.

STJNIMARY OF RESULTS

It. has been found that, for the free supersonic jet of X1ach

number 1.6,

1. Density distributions through the mixing region were

similar to each other at the cross sections i.rmestigated.

2. I’elocity distributions through the mixing region were

similar to each other at the cross sections in-restigated and

were similar to Tollmien’s theoretical -relocit.y distribution in

the subsonic portion of the mfig region.

3. The turbulence in the mixing region was less than that

for incompressible jets.

4. The rates of spread of the mising region, both into the

jet ancl into the ambient air, were less than those of incom-

pressible jets.

LANGLEY ihROXAUTICAL LABORATORY,

N~ATIOX-A~ADVISORY COMMITTEE FOR AEROh-Ab-TICS,

LAXG~EY AIR l?ORCEBASE, 17A.,Jawuaw .21, 1949.
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